Inflammatory bowel diseases (IBD) are characterized by tumor necrosis factor · (TNF-·)-mediated epithelial barrier disruption. TNF-· production and the bioavailability of its receptors on the cell surface are regulated by TACE (TNF-· converting enzyme), a pleiotropic metalloprotease also known as ADAM17, and its specific inhibitor TIMP3. We therefore examined ADAM17 and TIMP3 expression in human intestinal epithelial cells (IEC) using immunohistochemistry on tissue microarrays and real-time PCR on preparations of IEC isolated from human normal and IBD colon. The effects of TACE inhibition by TIMP3 or a pharmacological inhibitor were assessed in inflammatory conditions on a TIMP3-deficient colonic cell line HT29-Cl.16E. Both TACE and TIMP3 were found to be constitutively expressed by intestinal epithelial cells in the normal and inflammatory human intestinal barrier. In the TIMP3-deficient cell line, the addition of recombinant human TIMP3 or of Tapi-2, a pharmacological ADAM17 inhibitor, i) sensitized the cells to TNF-·-mediated hyperpermeability, ii) down-regulated tight junction-associated protein expression and iii) inhibited TNFRI shedding. In conclusion, our data showed that TACE and TIMP3 were co-expressed in the human intestinal barrier and that TACE inhibition, either physiologically or pharmacologically, amplified TNF-·mediated hyperpermeability. TIMP3 could thus play a major role in inflammatory conditions by creating an autocrine effect leading to amplified epithelial barrier hyperpermeability.
Introduction
Inflammatory bowel diseases (IBD) are characterized by defective intestinal barrier functions resulting from increased intestinal permeability (1) (2) (3) , mainly due to increased tumor necrosis factor · (TNF-·) production (4) (5) (6) . TNF-· is synthesized as a precursor anchored in the cytoplasmic membrane and is proteolytically cleaved at the cell surface by TACE (TNF-· converting enzyme), generating the mature secreted form of TNF-· (7, 8) . TACE controls both TNF-· production by inflammatory/immune cells, and the bioavailability of TNF-· receptors (TNFRs) on target cells, i.e. epithelial cells (9) (10) (11) . Thus, TACE is a potential key player in the control of the intestinal barrier under physiological and pathological conditions.
The activity of TACE is regulated at three distinct levels: transcription of the gene, proenzyme activation, and through specific interaction with its physiological inhibitor tissue inhibitor of metalloproteinase 3 (TIMP3), a member of a family of endogenous matrix metalloproteinase inhibitors (12) (13) (14) . TIMP3, a secreted 24-kDa protein which binds to the extracellular matrix, may be a critical regulator of the inflammatory response and a potential therapeutic protein to control inflammation through a reduction in the amount of secreted TNF-·. Thus, TACE inhibition may represent a novel approach to treat inflammation, and consequently, a large number of synthetic TACE inhibitors have been reported (15) (16) (17) .
The expression and role of TIMP3 in the intestinal epithelial barrier either in normal or inflammatory conditions have not as yet been elucidated. In this study, we investigated i) the expression of TACE and TIMP3 in epithelial cells of human normal colon and inflammatory bowel diseases and ii) the effects of TACE inhibition by TIMP3 or a pharmacological inhibitor on epithelial barrier permeability in a human colonic cell line spontaneously deficient in TIMP3 (HT29-Cl.16E). We showed that TIMP3 and TACE are constitutively expressed by the human normal intestinal epithelial barrier. In inflammatory conditions, TACE inhibition by recombinant human TIMP3 or by a pharmacological agent amplifies the epithelial barrier disruption elicited by TNF-· in the TIMP3deficient cell line HT29-Cl.16E. Our results suggest that in IBD, TIMP3 can be an autocrine amplifier of the intestinal epithelial barrier disruption initiated by pro-inflammatory stimuli, and that TACE inhibitors can contribute to TNF-·induced hyperpermeability of the epithelial barrier.
Materials and methods
Patients. Nineteen patients with inflammatory bowel diseases (IBD) treated at the Department of Gastroenterology (Centre Hospitalier Universitaire de Nantes, France) were included in this study. Surgical resections were obtained from 9 patients with ulcerative colitis (UC) (2 men and 7 women with a median age of 39 years; range 20-73 years) and 10 patients with Crohn's disease (CD) (1 man and 9 women with a median age of 36 years; range 21-66 years). Ulcerative colitis and Crohn's disease were diagnosed on clinical, endoscopic and histologic criteria. All patients displayed active disease, with acute or chronic inflammation. In parallel, histologically normal mucosa of patients who were treated by colectomy for colorectal carcinoma were studied as controls. All tissues were processed according to the French Guidelines for Research on Human Tissues (18) .
Immunohistochemistry. Tissue microarrays of Crohn's disease and ulcerative colitis were constructed as previously described (19) , and included 19 patients displaying active disease with acute or chronic inflammation. In parallel, histologically normal mucosa of colorectal cancer patients were studied. Immunohistochemistry was performed as previously described (19) , using a monoclonal antibody directed against human TIMP3 (1:50, clone 136-13H4; Calbiochem Merck Biosciences, Darmstadt, Germany) or a polyclonal antibody against TACE (1:200; Chemicon, Temacula, CA, USA). A streptavidin-biotin-peroxidase method was used (LSAB Staining Kit, Dako Cytomation, Trappes, France). DAB was used as a chromogen, and sections were slightly counterstained with hematoxylin. Controls, performed by omitting the primary antibody, were scored negative.
Isolation of epithelial cells. Human colonic epithelial cells were isolated from histologically normal colon taken at a distance (10 cm) from the tumor of surgical resections for cancer (n=15) and from inflamed colonic mucosa of surgical resections from patients with IBD (n=8). The intestinal epithelial cell isolation procedure was performed using a nonenzymatic dissociation technique, based on short-term EDTA treatment, as described previously (20) . The pellets of isolated cells were lyzed in 1 ml Tri reagent (Euromedex, Mundolsheim, France), and RNA extraction was performed. Preparations of epithelial cells were devoid of contamination by lamina propria immune cells (20) .
Cell culture and treatments. The experiments were performed by using a human colonic polarized cell line, HT29-Cl.16E (21, 22) . Cells were grown on porous filters (12-well Transwell Clear, 0.40-μm porosity; Costar) and formed monolayers of polarized cells at postconfluency. Cells were seeded at 5x10 5 cells per well in DMEM (Invitrogen, Cergy Pontoise, France) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), cultured until confluency and full differentiation, and assessed by the measurement of transepithelial resistance (TER) using a volt-ohmeter (Millipore), as well as by Alcian blue histochemistry for HT29-Cl.16E (mucus-secreting cell line) (22, 23) .
Experiments were conducted between day 15 and 18 after seeding. Filter-grown HT29-Cl.16E monolayers were treated with TNF-· (10 ng/ml) for 6 or 24 h. HT29-Cl.16E monolayers were incubated with 50 μM Tapi-2 (Calbiochem, San Diego, CA) or 1 μg/ml recombinant human TIMP3 (rhTIMP3, Calbiochem) for 2 h prior to stimulation with TNF-· (10 ng/ml).
Measurement of paracellular permeability. To measure changes in the paracellular permeability of HT29-Cl.16E monolayers, the cells were plated onto permeable filters in 12-well Transwell chambers (5x10 5 cells/well). Experiments were performed using confluent monolayers between day 15 and 18 after seeding. At the end of treatment with TNF-· ± Tapi-2 or rhTIMP3, the flux of fluorescein isothiocyanatelabeled dextran (molecular weight, 4 kDa; Sigma) (FITCdextran) across HT29-Cl.16E monolayers was assayed as described previously (23) . DMEM was used as the incubation solution; 1.5 ml was added to the basolateral compartment and 500 μl containing 1 mg/ml of 4-kDa FITC-dextran was added to the apical compartment. The FITC-dextran concentration was determined in the basolateral medium after 6 and 24 h of incubation at 37˚C using a fluorescent plate reader (Victor, Perkin-Elmer). All experiments were performed in triplicate.
Immunofluorescence studies. Monolayers were fixed in 4% paraformaldehyde in PBS buffer and processed for immunofluorescence as described previously (23, 24) . Cell monolayers were incubated for 1 h with a mouse anti-ZO1 or anti-occludin antibody (monoclonal, 1:200, Zymed, San Francisco, CA). After washing, cells were incubated with Alexa 488conjugated goat anti-mouse antibody (1:200; Molecular Probes, Eugene, OR, USA). Nuclear staining was performed with Topro-3 (1 μM, Molecular Probes). Cell monolayers were then mounted using Prolong Antifade Medium (Molecular Probes). Imaging was performed on a Leica-TCS-SP confocal laser scanning microscope (Leica, Heidelberg, Germany) equipped with an argon-krypton laser. Image processing was carried out using TCS-NT software (Leica).
Immunoblot analysis. For total protein extraction, a human colonic cancer cell line (HT29-Cl.16E) was lysed in RIPA buffer supplemented with protease inhibitors and centrifuged as previously described (19) . Proteins (50 μg) were separated by electrophoresis on 7.5% polyacrylamide gels (Bio-Rad) and transferred onto polyvinylidene difluoride membranes (Invitrogen). After blocking, membranes were incubated with a rabbit polyclonal antibody against human TACE cytoplasmic tail (1:1000; Chemicon) or a monoclonal antibody directed against human TIMP3 (1:500, clone 136-13H4; Calbiochem Merck Biosciences), and then with an alkaline phosphatase-conjugated anti-rabbit or anti-mouse antibody (1:5000; Amersham). Immunoreactive proteins were detected with a fluorescence scanner (Storm, Pharmacia) using ECF substrate according to the manufacturer's instructions (Amersham).
RNA extraction and real-time RT-PCR analysis.
RNA extraction, RT and PCR amplifications were conducted as previously described (19, 24) . TACE and TIMP3 mRNA were quantified using commercially available kits (Taqman Gene Expression Assays, Hs00234224 and Hs00927214, respectively; Applied Biosystems, Forster City, CA, USA), in a 7700 thermocycler using the ABI PRISM 7000 SDS software (Applied Biosystems). ZO1, occludin and ß-actin mRNA levels were quantified using the Rotorgene 2000 instrument and primer sets as described previously (23, 24) . Primer sets for occludin were as follows: forward, 5'ATGA GACAGACTACACAACTGG3' and reverse, 5'TTGTATTC ATCAGCAGCAGC3'. For each sample, the ratio between the relative amount of the specific transcript and ß-actin was calculated.
Analysis of CpG island methylation status. The methylation status of the TIMP3 gene promoter of the HT29-Cl.16E cells was determined by methylation-specific PCR after genomic DNA isolation using the Qiamp MiniKit (Qiagen, Valencia, CA, USA). DNA methylation patterns in the CpG islands of TIMP3 were determined by chemical conversion of unmethylated, but not methylated, cytosine to uracil and subsequent PCR using primers specific for either the methylated or modified unmethylated DNA. The primers and PCR conditions for the MS-PCR analysis were described previously (25) . Each PCR reaction was directly loaded onto nondenaturing 4% agarose gels, stained with ethidium bromide, and visualized under UV illumination.
Soluble TNFRI ELISA assay. Soluble TNFRI released from cell monolayers in the basolateral incubation medium was determined by ELISA (R&D Systems), according to the manufacturer's instructions.
Statistical analysis. Statistical analyses were performed with Statview F-4.5 (Abacus Concepts, Berkeley, CA, USA). Data are presented as the mean ± S.E. All experiments were performed at least in triplicate. The p-value was determined by the Mann-Whitney's unpaired test and was considered significant at values <0.05.
Results

TIMP3 and TACE expression in the epithelial compartment in normal mucosa and in inflammatory bowel diseases.
In the human normal colon, epithelial cells expressed both TIMP3 and TACE ( Fig. 1A and C) . Endothelial cells and some immune cells also expressed both TIMP3 and TACE. However, muscularis mucosae and vascular myocytes expressed only TACE. TACE and TIMP3 expression was then examined in active IBD. In all the IBD samples, TIMP3 was strongly expressed by the inflammatory mononuclear cell infiltrates and by regenerative epithelial cells of the crypts (Fig. 1D ). In the crypt epithelium, a strong staining intensity was observed in all cases of IBD, both in Crohn's disease and in ulcerative colitis. The same expression pattern occurred with TACE, with a strong staining intensity in crypt epithelial cells of IBD (Fig. 1B) .
Quantification of mRNA levels using real-time PCR, in epithelial cells isolated from normal colon or IBD samples, showed that both TACE and TIMP3 were expressed in IBD and in normal colon. The difference was not statistically significant but there was a trend towards a higher expression in IBD samples ( Fig. 1E and F) . The high expression of TIMP3 in epithelial cells both in normal colon and in IBD prompted us to analyse the consequences of TACE inhibition on colonic epithelial cells in vitro in inflammatory conditions. We addressed this issue by using the colonic differentiated epithelial cell line, HT29-Cl.16E.
TACE and TIMP3 expression and regulation by TNF-· in a human colonic cell line, HT29-Cl.16E. We first examined the status of TACE in HT29-Cl.16E, a human colonic cancer cell line. Immunoblot analysis showed that HT29-Cl.16E cells expressed both the 115-kDa proform and the 90-kDa active form of TACE ( Fig. 2A ). We then analysed TACE mRNA transcripts by qRT-PCR in control and inflammatory conditions. As shown in Fig. 2B , TACE was expressed in control monolayers, and its expression was significantly higher in TNF-·-treated cells (p=0.028). In contrast, barely detectable levels of TIMP3 mRNA were found in these cells, both in untreated and in TNF-·-treated cells (Fig. 2B ). In agreement with these results, TIMP3 was not detected in these cells by immunoblot analysis, whereas Caco-2 cells, used as positive controls, were found to express TIMP3, which was detected as a dimer (data not shown).
The TIMP3 promoter has been shown to be methylated in various tumors and cancer cell lines, including HT-29 cells (25) . In order to determine whether methylation of the TIMP3 promoter was responsible for this absence of expression, MS-PCR was performed. As shown in Fig. 2C , the TIMP3 promoter was found to be methylated in the HT29-Cl.16E cell line.
We therefore used this cell line in further experiments as a model for studying TACE inhibition and to examine the role of exogenous recombinant human TIMP3 (rhTIMP3), mimicking the secreted TIMP3 in vivo on epithelial cells in inflammatory conditions.
Effect of TACE inhibition by TIMP3 or a pharmacological inhibitor on intestinal epithelial barrier function.
We then assessed the possible role of TIMP3 on epithelial barrier permeability in HT29-Cl.16E monolayers treated by TNF-·. A 24-h treatment of confluent HT29-Cl.16E monolayers grown on filters with TNF-· (10 ng/ml) induced a significant increase in 4-kDa FITC-dextran flux compared with control HT29-Cl.16E monolayers (Fig. 3A) . The addition of rhTIMP3 to TNF-·-treated monolayers, at a concentration (1 μg/ml) corresponding to its IC 50 determined in in vitro studies (12) , significantly increased the TNF-·-induced FITC-dextran flux (p<0.0001, Fig. 3A ). TIMP3 alone did not modify FITCdextran flux as compared with control untreated monolayers. Notably, Tapi-2, a pharmacological TACE inhibitor of the hydroxamate family, also significantly increased the TNF-·induced FITC-dextran flux (p=0.0079), whereas Tapi-2 by itself did not modify the paracellular dextran flux (Fig. 3B ). Altogether, these findings indicated that TACE inhibition, either physiologically by rhTIMP3 or pharmacologically by Tapi-2, sensitized intestinal epithelial monolayers to respond to TNF-·.
We then examined the effects of TACE inhibition on the regulation of two tight junction-associated proteins, ZO-1 and occludin, at the mRNA level using real-time PCR. TACE inhibition and TNF-· simultaneous treatment resulted in a significant decrease in ZO-1 and occludin mRNA levels compared with treatment with TNF-· alone (Fig. 4A and B) .
ZO-1 expression was then examined at the protein level by immunofluorescence followed by confocal microscopy (Fig. 4C) . This study showed a strong and continuous pericellular labelling in control HT29-Cl.16E monolayers. ZO-1 membrane expression was decreased and discontinuous after TNF-· treatment (10 ng/ml for 24 h). TACE inhibition together with TNF-· treatment worsened ZO-1 alterations observed with TNF-· alone: ZO-1 membrane labelling was completely disrupted, faint in some areas, sometimes reinforced at cellular contact spots, and ZO-1 was redistributed to the cytoplasm in some cells. Tapi-2 alone did not modify ZO-1 labelling as compared with the controls. Similarly to ZO-1, occludin protein expression was decreased and disorganized in TNF-·-and TNF-· + Tapi-2treated monolayers (data not shown).
Effect of TACE inhibition on TNFRI shedding by the HT29-Cl.16E cells. These results suggested that TACE
inhibition stabilized the TNF-· receptors type I (TNFRI) at the surface of epithelial cells and thus sensitized epithelial cells to TNF-·. To test this hypothesis, we measured by ELISA the release of TNFRI in the culture media of HT29-Cl.16E monolayers treated by TNF-·, with or without inhibition of TACE. As shown in Fig. 5 , TACE inhibition alone or in association with TNF-· strongly decreased TNFRI release in the supernatant.
Discussion
Our research demonstrated that TACE and TIMP3 are coexpressed in the epithelial intestinal barrier and that TIMP3 synergizes the deleterious effect of TNF-· on the intestinal epithelial barrier function through TACE inhibition; these effects being mimicked by a pharmacological TACE inhibitor.
Several lines of investigation, mainly based on timp3 -/mice or on gene transfer experiments in vitro, have shown that TIMP3 is able to inhibit an inflammatory response (26) . They showed that TIMP3 is essential for normal innate immune function and that the loss of TIMP3 impacts innate immunity by dysregulating cleavage of TNF-· and its receptors. Furthermore, they postulated that TIMP3-based therapies can be developed to control inflammation. Indeed, timp3 -/mice that have a normal life, but exhibit an inflammatory phenotype, are more susceptible to LPS-induced mortality and show an increased inflammatory response to intra-articular antigen injection. Thus, it was concluded that TIMP3 is a critical regulator of the inflammatory response (26) (27) (28) . In the current study, we examined the status and the role of TIMP3 in IBD. We focused on the intestinal epithelial compartment which expresses TNFRs and is thus a possible target of TNF-·. In this cellular compartment, TIMP3, known to regulate the availability of TNFRs on the cell surface through TACE inhibition (9) , may play an important role. Up to now, TACE expression has been reported in the epithelial compartment (19, 29, 30) but only one study reported TIMP3 expression in the normal and inflammatory intestinal barrier, although data was not shown (31) . In our study, immuno- histochemical analysis showed that both TACE and TIMP3 are expressed by human intestinal epithelial cells, in normal colon and in IBD patients, putting forward the concept of an autocrine regulatory role of TIMP3 on TACE function in intestinal epithelial cells. In addition, TACE and TIMP3 expression was confirmed at the mRNA level in isolated epithelial cells from IBD patients and normal colon.
To get insight into the role of TIMP3 in the intestinal epithelium in the context of the inflammatory process, we then used a mechanistic approach. The human colonic epithelial cell line HT29-Cl.16E was maintained on porous filters as polarized and differentiated monolayers. HT29-Cl.16E expressed the active form of TACE but showed a methylation pattern, which was responsible for the lack of TIMP3 mRNA expression and was resistant to TIMP3 induction by TNF-·. We then examined the role of exogenous TIMP3 in combination with TNF-· in the TIMP3-deficient HT29-Cl.16E monolayers. The epithelial barrier function was monitored by assessing i) paracellular permeability using the validated test of FITC-dextran flux across monolayers and ii) the regulation of two tight junction-associated proteins playing a key role in epithelial homeostasis: ZO-1 and occludin.
One major finding of this study was the potentiation of the TNF-·-increased paracellular permeability and tight junction protein alteration by TIMP3. In the HT29-Cl.16E cell line, we showed that rhTIMP3 alone did not alter paracellular permeability. However, in TNF-·-treated monolayers, TIMP3 increased TNF-·-mediated hyperpermeability. Notably, these effects of rhTIMP3 were reproduced with a pharmacological inhibition of TACE, Tapi-2, a member of the hydroxamate family. Hydroxamates are increasingly being developed as potential pharmaceutical agents, and a series of orally bioavailable selective TACE inhibitors are currently in development (32) . As TNF-· is known to cause intestinal epithelial barrier disruption by apoptosis-dependent and -independent mechanisms via down-regulation of tight junction-associated proteins (33) (34) (35) (36) , we verified that TACE inhibition-mediated potentiation of TNF-·-mediated hyperpermeability was associated with down-regulation of ZO-1 and occludin.
The process of TNFR shedding by TACE is important, as it up-regulates soluble receptor production and also provides a mechanism for desensitizing cells to the biological effects of the ligand TNF-·. This is achieved by reducing the concentration of surface receptors, thus modulating the signalling and also by inhibiting the ligand competitively. It can be postulated that inhibition of TNFR shedding by TIMP3 or a pharmacological inhibitor may account for the amplification of TNF-· deleterious effects on target cells (37) . This concept was supported in our study by a major reduction in TNFRI shedding by a pharmacological inhibitor of TACE, which also validated that TACE was functionally bioactive in our experiments.
TIMP3-based therapies can be considered as novel approaches to control inflammation (16) , in the context of the emergence of new agents able to block TNF-· (38, 39) . Thus, as no totally specific TACE inhibitor is available yet, the identification of highly selective TACE inhibitors is a major goal for pharmaceutical industries. However, our findings suggest that the pharmacological blockade of TACE might have adverse effects in the intestine and may locally worsen epithelial barrier disruption in an inflammatory context. Similar findings have been described in experimental arthritis, where TACE inhibition was associated with increased inflammation (40) . This could be linked to the inhibition of metalloproteases other than TACE and with the modulation of TNFR shedding (41) .
Altogether, our data show that TIMP3 can be considered as a critical regulator of the inflammatory response by controlling the bioavailability of the TNF-· receptors on intestinal epithelial cells. It could thus play a major role in inflammatory conditions, by creating an autocrine effect leading to amplified epithelial barrier hyperpermeability.
